ABSTRACT. Spindle pole bodies (SPBs) attached to nuclei were isolated from Saccharomyces cerevisiae; they nucleated microtubules to form asters in vitro. This aster-forming activity was stable in 30%dimethylsulfoxide or 10% 2-propanol and could be solubilized with KC1. The KC1extract contained many protein components, which aggregated upon dialysis against a low concentration salt solution. Whenincubated with tubulin, the aggregates formed asters. Measurements of the elongation rates of the astral microtubules indicated that the microtubules were nucleated from the SPBsor from the aggregates reconstructed from the KC1extract by dialysis. The plus end was distal to the astral center, as in the case of the microtubule organizing center (MTOC)of mammalian cells. Wesuggest that the proteins extracted with KC1are responsible for microtubule nucleation in SPBs and that this SPBseems to have the same mechanismfor microtubule nucleation as the MTOC in higher eukaryotes.
Microtubules are found ubiquitously in all eukaryotic cells. They are involved in many cellular events such as chromosomesegregation, vesicle transport, and arrangement of intercellular organelles. Microtubules elongate from the MTOC (18) , which governs the intracellular distribution of microtubules. In mammals and some other organisms, the MTOC, generally called the centrosome, consists of a pair of centrioles and pericentriolar material. Although the behavior of the MTOC has been well documented cytologically in a variety of organisms, little is known at the molecular level. Some proteins located at the centrosome have been described (1, 2, 9, 13, 14, 16, 19, 23, 24) , buttheir functions are unknown.
In Saccharomyces cerevisiae, a budding yeast, microtubules play a role similar to that in higher eukaryotes. The MTOCis called the spindle pole body (SPB), an electron dense plaque-like material embedded in the nuclear envelope (5) . Microtubules which elongate from the SPB are involved in a complicated process in the cell cycle (7). In unbudded (Gl) cells, cytoplasmic microAbbreviations used: MTOC, microtubule organizing center; SPB, spindle pole body; Tris, tris(hydroxymethyl)aminomethane; EGTA, ethyleneglycol bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid; PIPES, piperazine-N,N'-bis(2-ethanesulfonic acid); DMSO, dimethylsulfoxide; PMSF, phenyl methyl sulfonyl fluoride; DTT, dithiothreitol; BSA, bovine serum albumin. tubules emanate from the SPB. In budded cells, they extend to the bud, suggesting that they relate to its formation. Before DNAsynthesis (late Gl), the SPB duplicates and the cytoplasmic microtubules disappear, while spindle microtubules appear instead. In M phase, the microtubules form a mitotic spindle and chromosome segregation proceeds. It is also observed that microtubules are also necessary for nuclear fusion (10). In addition to cytological studies, biochemical analyses of the SPB have been carried out by Byers et al. (6) and Hyams et al. (ll) using the SPBs isolated from S. cerevisiae. Kilmartin also isolated the SPBs by isolating nuclei (12). The isolated SPBs were shown to have the ability to initiate microtubule assembly in vitro to form asters. The aster forming activity of the SPBs was not susceptible to DNase I, RNase A, or phospholipase A, but was lost upon treatment with trypsin, which suggests that the sites for nucleation of microtubules probably consist of proteinous structures.
In another approach, human anti-centrosome antibody, which recognizes the SPBs, was used for isolation of the SPA1 gene (20 
MATERIALS AND METHODS
Strains and media. The yeast strain used here was a haploid strain of Saccharomyces cerevisiae, X-2180 1A, It was grown in a medium consisting of 0.5% yeast extract; 0.5% malt extract, and 2%glucose.
Isolation of nuclei. Nuclei were prepared from S. cerevisiae by a modification of the method of Lohr (15) . Cells harvested at the logarithmic phase were washed once with distilled water and stored at -80°C until use. They were suspended in a pretreatment buffer consisting of 0.1 MTris, 0.1 M EGTA, and 0.2% 2-mercaptoethanol, adjusted to pH 8.0 with KOH. After standing for 10 min on ice, they were centrifuged and the pellet was washed once with the spheroplasting buffer consisting of 20 mMpotassium phosphate buffer (pH7.5), 0.4mM CaCl2, and 1.2M sorbitol.
Then the cells were suspended in the spheroplasting buffer (4 ml per gm of wet weight cells) containing 1 mg/ml Zymolyase 20T (Seikagakukougyo, Co., Tokyo). They were incubated at 30°C with gentle shaking for 30 min. The spheroplasts thus formed were collected by centrifugation at 3,000 x g for 5 min. They were then suspended in a lysis buffer consisting of 20 mMpotassium phosphate buffer (pH 6.5), 0.5 mMMgCl2, 20//M (p-amidinophenyl)methanesulfonyl fluoride hydrochroride (Wako Co., Tokyo) and 18% (w/v) Ficoll 400 (Pharmacia).
After being homogenized in a Dounce homogenizer at 20°C by 15 strokes with a loose fitting ("B") pestle, the cell hbmogenate was rapidly chilled on ice. All the following procedures were performed at 0-4°C. The homogenate was centrifuged at 10,000 x g for 5 min to remove undisrupted cells. The supernatant was then recentrifuged at 30,000 x g for 30 min. The resulting pellet containing nuclei was suspended in a buffer containing 14 mMPIPES-KOH (pH 6.8), 5% Ficoll 400, 14% glycerol, 0.5 mMMgCfe, and 30%DMSO.After centrifugation of the crude nuclear suspension at 3,000 x g for 5 min to remove the undisrupted cells, the supernatant was stored at -80°C until use. Preparation of tubulin. Tubulin was prepared from porcine brains by the procedure reported by Toriyarna et al. (23) . Purified tubulin (>2 mg/ml) was stored at -80°C without loss of activity for months. Just before use, it was thawed and diluted to about 2 mg/ml.
Assay of aster-forming activity. Aster-forming activity was assayed by a modification of the method of Toriyama et al. (23) . SPB samples (20jA) were mixed with 50ju\ of tubulin (about 2 mg/ml) and the mixture was incubated at 37°C for about 20 min. After incubation, 100 ju\ of 1% glutaraldehyde was added to fix the reconstructed asters. The fixed material (10ju\) was placed on a slide and topped with a cover slip (24x24mm). Then the number of the fixed asters within a frame square (1 10 x 160^m) was counted by dark field microscopy using a Nikon Optiphotomicroscope type 104 equipped with an oil-immersion condenser lens (NA, 1.43) and a mercury are lamp. Aster-forming activity was quantified by the average numberof asters within a frame square. Electron microscopy. Samples on grids coated with Formvar were negatively stained with 1% uranyl acetate. Specimens were examined in a JEOL200CXelectron microscopy operated at 100 kV. Indirect immunofluorescent microscopy. Indirect immunofluorescent microscopy was carried out by the procedure reported by Toriyama et al. (23) . Fixed asters or axonemes nucleating microtubules were centrifuged through a 40%(w/w) sucrose solution layered on a 60%(w/w) sucrose cushion to removespontaneously polymerized tubulin. The sucrose solution contained 20 mMPIPES-KOH (pH 6.8), 0.5 mMMgCl2, and 1 mMEGTA.Then the interface, which contained the asters or axonemes,between the sucrose layers was collected and diluted threefold with a buffer solution consisting of 20 mMPIPES-KOH (pH6.8), 0.5mM MgCl2, and 1mM EGTA. Asters or axonemeswere precipitated onto slides using a Cytospin 2, fixed with methanol at -20°-C, and treated with 1 mg/ml sodium borohydride in methanol for 10 min to quench free aldehyde residues. All the following reactions were carried out on the slides. Determination ofthepolarity ofmicrotubules. The polarity of microtubules was determined by the procedure described by Toriyama et al. (23) . Samples containing the SPBs or aster-forming aggregates prepared from the KC1extract by dialysis were mixed with fragmented axonemesprepared from sperm of sea urchin, Anthocidaris crassispina, by the method of Stephans (21) . The mixture was incubated at 37°C and fixed in \% glutaraldehyde after various intervals. Then the fixed asters and the axonemes that nucleated microtubules were processed for indirect immunofluorescence microscopy as described above:
RESULTS
Isolation of the SPBs. The SPBs attached to nuclei were easily isolated from S. cerevisiae by isolation of the nuclei. Whenporcine brain tubulin was added to the isolated nuclei and incubated at 37°C, microtubules were assembled from one side of them (Fig. 2) , which was quite consistent with the observations of Hyamset al.
(1 1). Most of the detached SPBs were still associated with nuclear remnants and some SPBs remained attached to the nuclei. It was impossible to detach all the SPBsfrom the nuclei in the active form.
The aster-forming activity of the SPBswas very labile: it was frequently completely lost within one day, even whenthe SPBswere stored on ice. The loss was even more rapid at 25°C. A protease inhibitor, phenyl methyl sulfonyl fluoride (PMSF) at 1 mM, a reducing agent, dithiothreitol (DTT) at 20 mM, and the chemical agents glycerol (10-50%) and sucrose (10-50%) did not prevent the loss. It was found, however, that dimethylsulfoxide (DMSO) and 2-propanol stabilized the activ- Fig. 3 . Indirect immunofluorescence microscopy of asters reconstructed from SPBs attached to nuclei (A) and from aggregates prepared from the KC1extract of SPBs (B). A: The same asters as in Fig. 1 . B: Asters were significantly larger than those reconstructed from SPBs and not uniform in shape. Manymore microtubules were nucleated from the center than from SPBs. Bar, 5jum. ity. When 30% DMSOor 10% 2-propanol was contained in the buffer solution, the aster-forming activity of the SPBs was not lost at all during storage on ice for two weeks or more than one month at -80°C. Thus, to avoid the loss of the activity, all the following experiments were carried out in a buffer solution containing 30% DMSOor 10% 2-propanol. Solubilization of aster-forming proteins. In order to get a clue to identify the aster-forming proteins, we tried to solubilize SPBs using some detergents, urea, and high salt. To detect solubilization, the SPBs attached to the nuclei were suspended in a buffer solution containing the detergents or the solubilizing reagents for 30-60min at 0°C, after which the SPBs were collected by centrifugation. Then the aster-forming activity of the pellet and the supernatant were assayed. To reduce contamination by nuclear proteins, nuclei were treated twice with 2^g/ml DNase I at 20°C for 15 min before the solubilization test. Solubilization of asterforming protein components from the SPBs decreased the aster-forming activity in the SPB fraction and increased the activity in the supernatant.
Whenthe SPBs were treated with a buffer solution containing 0.1% Triton X-100 or 0.1% Nonidet P-40, the aster-forming activity was almost totally retained in the SPBs and no activity was detected in the supernatant. After treatment with 1% cholate plus 0.5% deoxycholate, 6M urea, or 0.5M KI, the activity was detected neither in the SPBs nor in the supernatant. These treatments inactivated the aster-forming proteins of the SPBs; they were thus incapable of detecting solubilization of the aster-forming proteins. Whenthe SPBs were treated with 1 MKC1, no activity was detected in the SPBs and most of the activity was recovered in the supernatant. Upondialysis against a low concentration salt solution, the supernatant formed aggregates which were able to form asters upon Table I . Solubilizing effect of KC1 on aster-forming activity.
After treatment with DNase I, SPBs attached to nuclei were treated with buffer solution containing the various concentrations of KC1indi-cated for 30 min at 0°C, and then they were centrifuged at 100,000 g for 1 h. The pellets were suspended in the same buffer without KC1, and the supernatant were dialyzed to remove KC1, followed by asterformation assay (see Material and Methods). The numbers indicate the average number of asters in a frame square. The numbers in paretheses indicate the percentages of aster-forming activity. Ppt: pellet fraction; Sup: supernatant fraction a£m1jWS' ; v, incubation with tubulin ( Fig. 3-B) . As shown in Figure   3 , the aggregates were larger than the nuclei and not uniform in shape. More microtubules were nucleated from the aggregates than from the SPBs. Electron microscopy indicated that the aggregates derived from the KC1extract were made of smaller granules, about 50-60 nm in diameter (Fig. 4) .
The amount of the aster-forming aggregates in the supernatant increased whenthe KC1concentration was raised, and correspondingly the aster-forming activity in the SPBs (pellet) decreased (Table I) . At KC1 concentrations higher than 1 M, the amount of the aster-forming aggregates reconstructed from the KC1extract was not greater than that at 1 MKC1(data not shown).
These results suggested that solubilized aster-forming activity was derived from the SPBs and that 1 MKC1
was sufficient to solubilize all the aster-forming activity. Furthermore, the aster-forming activity of the aggregates was sensitive to trypsin (data not shown), as were the SPBs, suggesting that the sites for microtubule nucleation in the aggregates reside in someprotein components, as in the case of the SPBs (6, ll). Polarity of microtubules nucleated from the SPBs and from the aggregates reconstructed from the KCl extract. When isolated centrosome nucleate microtubules, the distal end to the centrosome is knownto be the plus end (4). We determined the polarity of the microtubules nucleated from the isolated SPBs as well as those nucleated from the aggregates reconstructed from the KCl extract. The isolated SPBs or the reconstructed aggregates were mixed with fragments of the Anthocidaris axoneme, followed by addition of tubulin and incubation at 37°C. The reconstituted microtubules in the asters and from the axonemeswere fixed by addition of glutaraldehyde at intervals and processed for indirect immunofluorescence microscopy. Figure 5 shows the time course of microtubule elongation and histograms of the length distribution, obtained by measuring about 100 microtubules of each sample. The elongation rate and the length distribution of the microtubules nucleated from the SPBsor the aggregates corresponded to those nucleated from the distal end of the exonemes. It was concluded that the distal ends of the microtubules nucleated from both the SPBs and the aggregates are the plus ends. This indicates that the SPBs have the same function in microtubule initiation as do the centrosome in animal cells, as previously reported (4). This raises the possibility that the sites for microtubule nucleation in the SPBs are homologous to those in higher eukaryotes.
DISCUSSION
SPBsnucleate microtubules in vitro in a mannersimilar to the centrosome isolated from higher eukaryotes (6, ll, 12) . It should also be noted thatthe yeast SPB is capable of initiating microtubules from mammalian tubulin. This suggests that the sites for microtubule nucleation are homologous between yeast and higher eukaryotes. Thus, elucidating the mechanisms of micro- tubule nucleation in the SPBs may lead to determining how the MTOC controls the distribution of microtubules in all eukaryotic cells. Because the SPBsare attached to the nuclei, they are routinely contained in the fraction of isolated nuclei, as Kilmartin previously reported (12). We could not succeed in detaching all the SPBs from the nuclei in an active form. Only sonication could completely detach some of the SPBs from the nuclei, while almost all the detached SPBswere associated with nuclear remnants. Byers et al. (6) and Hyams et al. (ll) succeeded in isolating the SPBs without any remnants by the method of spheroplast bursting. Wealso tried that method, but only a few SPBs were isolated in the active form without any nuclear remnants. Wesuppose that isolation of the SPBs was particularly easy from the yeast strains they used. The aster-forming activity of the SPBs was very labile. Only DMSOor 2-propanol stabilized it. PMSF, DTT, sucrose, and glycerol each failed to stabilize it. The SPBs lose their activity faster at higher temperature. Therefore, the inactivation may be caused not by a protease nor by oxidization but by a conformational change in the nucleation sites in the SPBs in the aqueous buffer. In the MTOG(microtubule organizing granule) from sea urchin eggs, PMSFand DTTdid not stabilize the aster-forming activity; only glycerol did (22, 23) . The difference in stabilizing reagents might be due to the difference in the species used.
The aster-forming proteins could be solubilized by KC1, similar to the case with sea urchin eggs. In these eggs, the MTOGis solubilized by 0.5M KC1, and solubilized MTOGs aggregate again to become aster-forming granules after removal of KC1 by dialysis (16, 22, 23) . This suggests that the solubilized aster-forming proteins from yeast have properties quite similar to those from sea urchin.
The aggregates reconstructed from the KC1extract, however, revealed a structure quite different from the SPBs. Electron microscopy indicated that the aggregates are larger and the numberof the microtubules nucleated is muchlarger than that of microtubules nucleated from the SPBs (see Fig. 3 ). Furthermore, while the SPB is a planar disk structure (Fig. 2) (5) , the aggregates reconstructed from the KC1extract consisted of an assembly of smaller granules (compare Figs. 2 and  4) . One may therefore suspect that aster-forming proteins are solubilized from materials other than the SPBs. However, this possibility is excluded by several reasons. First, the aster-forming activity of the aggregates is sensitive to trypsin, as are the SPBs. Second, the higher the KC1concentration used for solubilization, the more the aster-forming proteins are solubilized, and concomitantly the aster-forming activity of the SPBs decreases, due to solubilization of aster-forming proteins in the SPBs. Third, for stabilizing the aster-forming activity, DMSOor 2-propanol was needed both for the aggregates and the SPBs. Fourth, the distal end of the microtubules nucleated from both the SPBs and the aggregates was the plus end (Fig. 5) . Therefore, the differences in the shape and the structure of the reconstructed aggregates from those of the SPBs are probably caused by the process through which aster-forming proteins are solubilized and reaggregated. Further studies are needed to identify the aster-forming proteins as constituents of the SPBs. Purification of the aster-forming proteins extracted by KC1is now in process to clarify the mechanismof microtubule initiation.
